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Abstract 

 
The assessment of the hydrogen content in pipeline steel is an essential 
requirement to monitor loss of integrity with time and prevent failures.  
With the use of pipeline steels of increasing strength, the threshold of 
hydrogen concentration for hydrogen cracking is significantly being 
reduced.  Cathodic protection and corrosion processes both contribute to 
accumulation of hydrogen as a function of time. Continued accumulation 
of hydrogen with time will eventually meet the cracking criteria.  
 
New and unique methodologies based on electronic property 
measurements offer the pipeline industry non-destructive tools to 
achieve this hydrogen content assessment in-situ and in real-time.  The 
use of thermoelectric power, a surface contact non-destructive 
measurement can assess hydrogen in pipeline steels while the pipe is 
exposed without coating. A non-contact through-coating technique has 
also been developed to assess hydrogen through the pipe coating.  The 
induced current low-frequency impedance technique is a cost-effective 
practice to monitor the hydrogen accumulation in high-strength steel 
pipelines.  This report describes the scientific basis and engineering 
practice to utilize both of these advanced electronic property 
measurement techniques. These advanced techniques have been 
successfully demonstrated to assess hydrogen content in linepipe steel.  
The practice of determining the equivalent microstructure or steel 
properties from which standards for hydrogen determination can be 
produced is also described.   
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1. Objective 
The objective of this study was development of a non-destructive, non-

contact tool to measure diffusible hydrogen in coated line pipe steel. 
 

2. Introduction 
With the rapid introduction of high strength linepipe steels (in excess 

of 70 ksi yield strength) for operation and use at higher pressures and 
reduced wall thicknesses, the need for new approaches for hydrogen 
management must be addressed. With increasing steel strength there is 
a reduction in the allowable diffusible hydrogen content to avoid 
hydrogen assisted cracking. Hydrogen-assisted cracking and hydrogen 
embrittlement are common terms used to describe sub-critical cracking 
due to hydrogen in metals. Hydrogen damage refers to the action of 
hydrogen reducing the physical and mechanical properties of a material 
to a degree that renders it unattractive, fallacious, or dangerous 
(Beachem, 1977). 

Hydrogen can be introduced into the linepipe steel in numerous ways; 
for example, through welding procedures, cathodic protection, corrosion 
reactions with the environment, and interactions with the contained 
media in the pipes. Research efforts in hydrogen damage are seriously 
hampered because the equipment available only measures the total 
effects of very large numbers of hydrogen molecules, ions, or protons, as 
they act on a specimen or service component [Beachem, 1977].  
Advanced research has lead to the improvement and development of 
hydrogen determination tools, which has lead to numerous non-
destructive methods capable of measuring hydrogen content in steel and 
weldments.  These techniques are, however, all contact techniques and, 
since pipelines are coated, it is necessary to develop a non-contact 
technique that can perform measurements through the pipeline coating.    

This project has advanced the available technology to measure and 
monitor the diffusible hydrogen content and increased our 
understanding of hydrogen management.  Through the use of 
complimenting electromagnetic techniques, a new non-destructive, non-
contact tool has been developed for in-situ determination of diffusible 
hydrogen content in coated linepipe steel. The electromagnetic 
techniques allow for a means of measurement of hydrogen accumulation 
without damaging the linepipe coating.  These tests establish a threshold 
electromagnetic property value for a given steel grade that enables 
measurement of the threshold when sufficient hydrogen has been 
absorbed to lead to a reduction in the integrity of the pipeline. 
 
 
 



3. Background and Justification for Performing Research 
The ever-increasing demand for energy worldwide requires the 

construction of high-pressure gas transmission lines with the greatest 
possible transport efficiency while reducing the cost of pipeline 
construction and operation.  In North America alone, the total length of 
high-pressure gas transmission pipelines is greater than 300,000 miles.  
In large diameter pipelines (OD: 48 to 56 inches (1212 - 1422 mm)), 
outage costs may be as high as one million dollars per day.  In 2004, 
there were over 36 corrosion-caused pipeline ruptures with an average 
cost of over 13 million dollars. 

New pipeline steels have been under development for over 40 years to 
provide better transport efficiency through larger diameter pipelines with 
a reduction in wall thickness, such as X80 linepipe steel.  X80 linepipe 
steel is currently available in the market.  X80 is chosen and designed 
for linepipe steel because it has high strength with good weldability and 
toughness.  X80 is not dependent upon the chemical composition, but 
depends on the strength of 80 ksi.  X80 was first used in 1985 on a 3.5 
km line on a trial basis.  Germany then reproduced the X80 steel for use 
in longer pipelines across Germany.  Hydrogen cracking is a major 
problem associated with in-service pipelines, especially high strength 
steel pipelines.    

In pipelines, there are numerous sources responsible for the 
production of hydrogen, some of which include welding procedures, 
cathodic protection, and corrosion reactions with the environment and 
with the contained media in the pipes. The most common source of 
hydrogen is from cathodic reduction of hydrogen and water during 
cathodic protection.  The presence of hydrogen can lead to detrimental 
results in these high-pressure steel pipelines.  Hydrogen damage reduces 
the physical and mechanical properties of a material to a degree that 
renders it unattractive, fallacious, or dangerous (Beachem, 1977).  
Because it is impossible to remove hydrogen from the system (pipeline), 
the hydrogen must be monitored in the system.   

"The future of pipeline integrity is in the management and interaction 
of collected survey data" [Author unknown].  This statement should be 
taken very seriously because the only way to monitor a pipeline that 
cannot physically be inspected is through surveying data. There are 
many intelligent non-destructive tools offered on the market, which are 
used industrially for crack, surface, and corrosion inspections.  Some of 
these non-destructive tools include eddy currents, magnetic flux leakage, 
ultrasonic, magnetic Barkhausen noise, etc. [Griffith et al, 1997], 
[Mandal et al, 1999], [Crouch and Beuker, 2004].  These non-destructive 
tools are necessary to guarantee pipe integrity, however these tools do 
not assess diffusible hydrogen until significant cracking occurs.  New 
tools need to be developed to monitor the diffusible hydrogen content 
before significant defects arise.   



    There are many methods and sensors available for diffusible hydrogen 
measurements, however a non-destructive technique is necessary for in-
service hydrogen content measurements.  Thermoelectric power (Seebeck 
effect) has been experimentally and thermodynamically proven to non-
destructively measure diffusible hydrogen content in steel.  The downfall 
to thermoelectric power for assessment of hydrogen in pipelines is that it 
is a surface contact measurement, which means measurements cannot 
be made through a coating.  With this in mind, the focus of this research 
is to develop a new non-destructive, non-contact probe that can measure 
diffusible hydrogen content in coated linepipe steel. 

The “ideal” NDE tool for such testing must be able to quickly 
determine the quantity, distribution, and the transport relationship of 
hydrogen to microstructural constituents and possible related failure 
mechanisms.  Diffusible hydrogen is transient, i.e. the concentration and 
distribution are continually changing with time.  Hydrogen migrates to 
dislocations, second phase particles, voids, etc. in the pipeline steel 
material, and these defects influence both the distribution and the 
mobility of hydrogen.  Therefore, it is insufficient to simply measure the 
total hydrogen content in a specimen. Instead, we must develop new 
tools that are sensitive to degree of interaction of the hydrogen once it 
enters the material. 

The oil and gas industry currently utilizes a pipeline cleaning 
technique driven by product flow called pigging.  A pig is a cleaning 
device that is pushed through the pipeline to remove deposits and water 
that could cause corrosion, but as the pig removes the residue, it is 
sequentially eliminating any films or deposits that may also be protecting 
the surface from corrosion.  With this limitation in mind, "smart pigs" 
were designed, which includes cleaning and deposition removal as well 
as magnetic flux leakage (MFL) unit that can monitor the pipeline for 
cracks and defects.  In MFL, a magnetic flux is generated in the pipeline 
and if there is a defect or a crack, the magnetic flux will leak in that area.  
The MFL unit is a precautionary tool to find potential problems.   

The "smart pig" is an important factor in this research because recent 
experiments performed at the Colorado School of Mines have found that 
magnetic flux in pipeline steel increases the solubility of hydrogen by a 
factor of three.  These experimental findings play an important role in the 
integrity of pipelines, thus increasing the need for a tool to monitor the 
diffusible hydrogen content in pipelines.   

The following sections will discuss the role of hydrogen in pipelines 
and the consequences of hydrogen in pipelines.  A discussion is then 
given on the development of a new non-contact, non-destructive method 
for assessment of diffusible hydrogen in coated linepipe steel. 
 



3.1. Role of Hydrogen in Pipelines 
Hydrogen is the smallest element in the periodic table, so that when 

hydrogen enters the iron lattice it occupies interstitial sites.  Hydrogen 
migrates to dislocations, second phase particles, voids, etc. in the 
material, thus influencing the distribution and mobility of hydrogen.  
Hydrogen is transient, the concentration and distribution is continually 
changing with time.             

Due to the abundance of hydrogen sources in pipelines, it is 
important to quantify the amount and form of hydrogen present in the 
steel because there is a distinction between total, residual, and diffusible 
hydrogen.  Diffusible hydrogen is considered to be mobile at lower 
temperatures (<100°C), whereas the remaining residual hydrogen is 
trapped in the metal at microstructural discontinuities or by the 
formation of hydrides with alloying elements. Total hydrogen is the 
combination of the two fractions.  Each form of hydrogen exhibits 
different properties.  For example, diffusible hydrogen increases 
dislocation motion, whereas dislocation motion would be temporarily 
hindered by a formed hydride because the dislocation will have to cut or 
bow around it (dependent upon the shear stress).  It is also well 
established that the formation and fracture of brittle hydrides promote 
hydrogen-assisted cracking.  

The formation of second phase particles is related to the atomic 
nature of hydrogen.  Elements on the periodic table to the left of 
manganese are electron acceptors, having a negative heat of mixing, 
resulting in the formation of hydrides.  The elements on the periodic 
table to the right of manganese are electron donors with a positive heat 
of mixing meaning that hydrogen stays in solution.   

The solubility and diffusivity of hydrogen differ greatly between iron 
phases.  The solubility of hydrogen in austenite is very large, while being 
very small in ferrite.  The diffusivity of hydrogen in austenite is very slow, 
but much quicker in ferrite, thus meaning that austenite is a diffusion 
barrier for hydrogen transport, while ferrite facilitates hydrogen 
transport.  
 

3.1.1. Hydrogen Solubility 
When hydrogen enters the metal lattice it dissociates into a proton 

and an electron.  The proton occupies the interstitial site in ferrous alloys 
and the electron is donated to the host metal electronic d-band.  The 
proton is very small when compared to the size of the interstitial site. The 
positive charge of the proton must be screened to maintain the electrical 
neutrality [Pepperhoff and Acet, 2001].  The electrical neutrality is 
preserved by the formation of an atomic sized electron cloud, however 
this process is not perfect so that repulsive forces occur between the 
proton and the neighboring positively charged metal nuclei.  These 



repulsive forces result in a local expansion and lattice distortion.  Figure 
1 shows the change in volume of the unit cell with increasing hydrogen 
concentration due to the repulsive forces from the electron cloud.  
Hydrogen does not only cause large lattice distortion, but it also 
contributes to the chemical potential of the electron in the metal.  Figure 
2 shows the change in the chemical potential in zirconium nickel alloys 
due to the addition of hydrogen atoms.  The chemical potential is the 
upper most filled electron band, otherwise known as the Fermi energy.  
The solubility of hydrogen in the metal lattice is affected by the electronic 
filling of the host metal electronic conduction bands by other metallic 
solutes because there must be space for hydrogen to donate its electron.   

Hydrogen traps [Maroef et al., 2002] also play a role in the solubility of 
hydrogen because it literally traps the hydrogen atoms, no longer 
allowing the hydrogen to diffuse through the metal lattice.  At lower 
temperatures, hydrogen prefers to occupy tetrahedral sites and at higher 
temperatures, hydrogen prefers the occupation of octahedral sites.  

Sieverts’ law holds true for hydrogen because hydrogen gas molecules 
become dissociated into atoms while being dissolved into metals in the 
region where hydrogen can be regarded as an ideal gas.  At higher 
pressures and temperatures, the chemical potential and solubility of 
hydrogen deviates from the ideal gas behavior, thus Sieverts’ law no 
longer applies.  The chemical potential of hydrogen gas increases 
dramatically at even higher pressures resulting in a great solubility 
enhancement [Fukai, 1993].  As with nitrogen, there are many factors 
affecting the solubility and diffusivity of hydrogen in metals.  

Thomas Graham coined the term "occlusive capacity" defined as the 
concentration of hydrogen within a compact metal when it has 
established a steady state of exchange with hydrogen gas of certain 
temperature and pressure [Smith, 1948].  The occlusive capacity is the 
solubility dependent on the degree of strain or plastic deformation [Beck 
et al., 1965].  The occlusive capacity is important because hydrogen 
tends to accumulate in regions of high stress (stress-assisted hydrogen 
diffusion).  There are many regions of high stress in pipelines.  Some 
examples high stress regions include:  (1) heat-affected zones (2) grain 
boundaries, (3) voids, and (4) crack tips.  The most common types of 
cracks occurring in pipelines are hydrogen induced cracks, fatigue 
cracks, stress corrosion cracks, and cracks in the weld HAZ.  The 
occlusive capacity describes the true solubility of hydrogen in the 
pipeline due to stress. 



 

Figure 1:  Increase in volume in the unit cell with increasing hydrogen 
concentrations at T=38˚K and atmospheric pressure [Pepperhoff and 
Acet, 2001]. 



 

Figure 2:  Chemical potential of hydrogen in amorphous ZryNi1-y alloys 
plotted against normalized variations in hydrogen content.  The upper 
limit corresponds to the standard state of hydrogen gas at 295˚K and 1 
atm [Harris et al., 1987]. 

 
Figure 3 shows the importance of the occlusive capacity because 

variations in hydrogen content play a vital role on the stress state for 
crack growth during hydrogen assisting cracking and stress corrosion 
cracking.  The concentration of hydrogen at a crack tip will change the 
mode of hydrogen cracking at a particular stress intensity factor 
[Beachem, 1972].  The curved dashed lines indicate critical combinations 
of stress intensity factor and hydrogen content for the cause of crack 
growth by the three fracture modes.  The existence and position of each 
of the curves are microstructure dependent, so this graph does not hold 
true for all materials.  Below the lowest curve, no hydrogen cracking is 
expected.  Each of the curves are drawn to meet at the critical stress 
intensity factor because quench and tempered steels tend to exhibit one 
or all of these fracture modes when failure occurs in the absence of 
induced hydrogen [Beachem, 1972].  

 



 
Figure 3:  Suggested interrelationships between stress intensity factor as 
a function of dissolved hydrogen concentration in microscopically 
volumes of crack tip material showing the changes in hydrogen assisted 
cracking facture modes.  (IG: Intergranular, QC: quasi-cleavage, MVC: 
micro-void coalescence) Beachem 1972. 
 

3.1.1.1. Hydrogen Damage 
Hydrogen damage has been divided into three different forms.  One 

form of damage results in internal pores, cracks or other flaws arising 
from either the entrapment of hydrogen bubbles during solidification of 
the melt or diffusion of hydrogen through the metal lattice to cause flaws.  
At higher temperatures, hydrogen reacts predictably to alter chemical 
compositions to form collecting pockets of gaseous molecules that cannot 
escape by diffusion and remains trapped.  The second form of damage 
results when formed hydrides assume specific lattice positions within the 
metal, thus lowering the mechanical properties and the toughness of the 
metal.  The third form of hydrogen damage results despite the absence of 
a known chemical reaction or hydride formation; nevertheless the 
hydrogen causes crack formation and growth, particularly in the 



presence of sustained stress.  This form of damage is called hydrogen-
assisted cracking (otherwise known as hydrogen embrittlement) [Buzzard 
and Cleaves, 1951], [Johnson, 1873-1875], [Troiano et al.., 1974], 
[Beachem, 1977].  This third type of damage has been related to localized 
microplasticity in the region of the triaxial stress at the crack tip. 

The following conditions must be met for the occurrence of hydrogen 
assisted cracking:  (1) sufficient atomic hydrogen in the material, (2) 
tensile stress, (3) susceptible material, (4) temperature range that 
supports very localized hydrogen transport (-50 to 150˚C in steel).  When 
these conditions are met, in non-hydride forming elements, there are 
three mechanisms of hydrogen embrittlement worthy of consideration 
[Darken and Smith, 1949], [Beck et al., 1966] [Lynch, 1991].  These 
mechanisms include:  (1) hydrogen-enhanced localized plasticity, (2) 
hydrogen-enhanced de-cohesion, and (3) adsorption-induced dislocation 
emission.  These mechanisms have been proposed for embrittlement in 
external (H2, H2S, H2O) and internal (introduced into steel during 
welding, plating, etc) hydrogen environments [Lynch, 2001].  It should be 
recognized that the cracking mechanisms could be similar, however the 
rate controlling processes are very different.   
 
Hydrogen-Enhanced Localized Plasticity (HELP) 

Hydrogen-enhanced localized plasticity is based on the presence of 
solute hydrogen ahead of cracks, specifically in hydrogen atmospheres 
around both mobile dislocations and obstacles to dislocations [Paskin et 
al.., 1983, 1984] [Thomson, et al.., 1986], [Daw and Baskes, 1984], 
[Lynch, 1999], [Beachem, 1972].  It has been suggested that the 
hydrogen atmospheres distort when mobile dislocations approach 
obstacles, meaning that the repulsion by obstacles is decreased.  Since 
hydrogen accumulation is localized near crack-tips, deformation is 
localized and facilitated near crack-tips, resulting in an overall lower 
strain for fracture [Lynch, 1999, 2001].     
 
Hydrogen-Enhanced Decohesion (HEDE) 

Hydrogen-enhanced decohesion is the weakening of iron-iron 
intermetallic bonds at or near crack tips due to high localized hydrogen 
concentrations in the lattice resulting in tensile separation of the atoms 
[Oriani, 1972, 1977], [Troiano, 1960].  The weakening of bonds may be 
the result of a decrease in the electronic charge density between metal-
metal atoms due to the existence of hydrogen in the crystal lattice in 
interstitial sites [Lynch, 2001].  For hydrogen-enhanced decohesion, 
fracture surfaces should appear basically featureless with a few cleavage 
steps and tear ridges separating de-cohered regions [Lynch, 1999].      
 
Adsorption Induced Localized Slip (AIDE) 

Adsoprtion induced localized slip is based on hydrogen-induced 
weakening of interatomic bonds, but with crack growth occurring by 



localized slip [Birnbaum, 1994], [Lynch, 1999].  It has been proposed 
that adsorbed hydrogen weakens substrate interatomic bonds and 
thereby facilitates the emission of dislocations from the crack tips.  There 
is also substantial dislocation emission ahead of the crack tip, resulting 
in the formation of voids around particles or at slip band intersections.  
This behavior means that crack propagation occurs due to dislocation 
emission from crack tips also with a contribution from the void formation 
ahead of the crack tip [Birnbaum, 1994], [Lynch, 1999, 2001].            

A combination of these three mechanisms occurs in most cases.  
Figure 4 schematically illustrates the HELP, HEDE, and AIDE.  The most 
dominant mechanism will be dependent upon variables such as strength, 
microstructure, slip-mode, stress intensity factor, and temperature, thus 
affecting the fracture path and appearance [Lynch, 2001].   

 
 

 

 
Figure 4:  Schematic diagrams illustrating HEDE, HELP, AIDE 
mechanisms of hydrogen-assisted cracking [Lynch, 2001]. 

 

3.2. Non-Destructive Tools for Hydrogen Sensor Development 
Multiple techniques have been developed for use as hydrogen sensors.  

Some of these techniques include volumetric displacement, gas 
chromatography, laser ablation with mass spectrometry, laser ablation 
with gas chromatography, and opto-electronic diffusible hydrogen 
sensors.       

Volumetric displacement is the standard AWS method for measuring 
hydrogen in weld specimens.  In this method a sample is placed into a 
eudiometer and allowed to evolve hydrogen at temperatures varying from 
45 to 150˚C [AWS, 1993].  The evolved gas displaces the mercury in the 
top of the column and the amount of displacement is measured as a 
function of volume.  The results are reported as a function of milliliter of 
hydrogen per 100 grams of deposited weld metal [AWS, 1993].  Due to 
the increased health concerns of using mercury displacement testing, 
gas chromatography has become another very popular method.   



In gas chromatography, hydrogen specimens are placed in sealed 
containers and baked to release the hydrogen.  The evolved gas is 
transferred to a gas chromatograph and then separated with a packed 
molecular sieve column to be analyzed using a thermal conductivity 
detector.  The gas chromatograph gives comparable results to mercury 
testing [AWS, 1993], [Quintana, 1988].   

Laser ablation methods use laser energy to release diffusible hydrogen 
from the surface to allow for the determination of hydrogen levels in 
particular areas on weld surfaces.  Laser energy releases very small 
amounts of hydrogen, thus requiring very sensitive detection methods 
such as mass spectrometry [Smith et al., 1999, 2001].  The presence of 
organic material on the surface poses problems due to decomposition 
and hydrogen formation from the contaminants in the laser plasma.   

The opto-electronic diffusible hydrogen sensor utilizes the 
optoelectronic properties of hydrogen sensitive material such as tungsten 
oxide to generate analytical signals [Smith et al., 1997].  When hydrogen 
is absorbed on the surface it reacts to form an ion insertion compound.  
The optical properties of the compound are altered and can be detected 
visually or spectroscopically.  The opto-electronic diffusible hydrogen 
sensor takes approximately one hour and can be utilized on actual welds 
as opposed to laboratory specimens.           
 

3.2.1. Electromagnetic Non-Contact Hydrogen Sensor 
Advanced research has lead to the improvement and development of 

hydrogen determination tools discussed above, which has lead to 
numerous non-destructive methods capable of measuring hydrogen 
content in steel and weldments.  These techniques are, however, all 
contact techniques and, since pipelines are coated, it is necessary to 
develop a non-contact technique that can perform measurements 
through the pipeline coating.   When properly calibrated and 
standardized, electromagnetic techniques allow for non-contact, non-
destructive measurements of interstitial contents.   

Most non-destructive electromagnetic tools currently utilized in 
industry (ultrasonic, magnetic flux leakage, etc.) are used for 
determination of existing cracks, flaws, defects, etc, in other words, 
characterization after the fact.  The development of a non-destructive 
diffusible hydrogen meter will allow for property prediction before 
significant defects or cracks occur.  The non-destructive diffusible 
hydrogen meter can beneficially be used during production and in-
service.      

There are many variables associated with pipelines, such as 
temperature, pressure, steel, coatings, etc.  This research will apply a 
combination of different complimenting, non-contact electromagnetic 
methods to determine the diffusible hydrogen content in coated linepipe 



steel.  The methods investigated in this research will include eddy 
current analysis for impedance measurements, magnetic Barkhausen 
noise analysis (MBN), and electromagnetic acoustic transducer analysis 
(EMAT).  The MBN and EMAT techniques are necessary to correct for the 
temperature, microstructure, and composition to allow proper 
standardization for the eddy current assessment of the hydrogen 
content.  Each of these non-destructive techniques are currently utilized 
for pipeline inspection, however they are used individually for crack, 
defect, and corrosion monitoring.  These methods will be used together to 
eliminate any additional variables to rapidly generate a quantitative 
hydrogen content associated with the coated linepipe steel.  
 

3.2.2. Electromagnetic Theory 
Eddy currents, magnetic Barkhausen noise, and electromagnetic 

acoustic transducers are based on Faraday's law.  Faraday's law states 
that, "a changing magnetic field induces an electric field.” Faraday’s law 
really distinguishes between two types of electric fields:  (1) those 
attributed to electric charges and (2) those associated with changing 
magnetic fields.  The curl of an electrostatic field is given by the 
differential form of Faraday’s law is: 

! 

" # E = $
%B

%t
     [1] 

where ∇ is the del operator, E is the electrostatic field, B is the magnetic 
flux density, and t is time.        
 

3.2.2.1. Induced Current Resistivity (Eddy Currents) 
Analysis 

Eddy Current analysis is a technique generally utilized to find near 
surface defects in alloy parts, normally in non-ferrous alloys. The 
ferromagnetic behavior of steel causes a significant change in the steel's 
impedance, which hinders the determination of cracks, but should serve 
as an excellent indicator for diffusible hydrogen content in the near 
surface region of the steel. Since diffusible hydrogen donates its electron 
to the d-band of steel, which is the same band that contributes to the 
ferromagnetic behavior, the induced current in the steel will experience 
the change in resistivity due to the hydrogen and will cause perturbation 
in the eddy current signal.  Eddy currents units have been designed and 
experimentally proven for flaw, cracks, and thickness examination of 
large diameter pipelines through coatings and insulation [Griffith et al., 
1997].  



In eddy current testing, a high or low frequency electromagnetic (EM) 
field is generated in a conductor by an alternating current. When placed 
in close proximity of a material, the generated EM field induces currents 
(eddy currents) within the inspected material. In response, the eddy 
currents induced in the inspected material generates a magnetic field. 
The EM fields from the induction coil and the inspected material must be 
detected either by electromagnetic induction in a coil, by a system of 
coils, or by sensors such as the Hall element. In many cases the same 
coil is used both to excite the eddy currents, and also to detect their 
fields. 

A significant advantage of the eddy current technique is that it can be 
performed at a stand off distance and through the pipeline coating.  The 
first step in using the eddy current testing practice is to select all of the 
controllable parameters in such a way as to optimally detect the desired 
material parameter. For the proposed hydrogen sensing investigation the 
initial part of the effort will be to determine the optimum set of 
controllable parameters.    

The relationship between the current flowing through a coil and the 
resulting magnetic field strength, H, was discussed.  The magnetic field 
strength produces a magnetic flux density, B, and a flux, φ, which is 
defined as the integral of the magnetic flux density over a particular 
surface given as: 

! 

" = B • nda#      [2] 

  During induced current resistivity (eddy current) measurements, the 
coil is held close to the sample, so that the flux created by the coil affects 
the sample.  The coil parameters and primary excitation current are a 
function of the flux.  The oscillating nature of the flux induces eddy 
currents in the sample beneath the coil.  The eddy currents produce 
their own magnetic field, which opposes the field, which produced them 
(Lenz’s law) [Bray and Stanley, 1997].  The coil then senses an 
equilibrium flux, which is the difference between the induced primary 
flux and the secondary flux due to the sample [Bray and Stanley, 1997].    

When AC current is applied, the coil possesses both resistance and 
reactance.  Along with resistance, there is a changing flux in the coil, 
which exhibits inductance [Bray and Stanley, 1997].  The coil’s 
inductance is the flux linkage change per unit current and is given as: 

L = d(Nφ)/dI      [3] 



where N is the number of turns in the coil and I is the current.  The 
inductive reactance occurs when a coil is excited at an angular 
frequency, ω, creating another form of resistance due to a generated back 
electromotive force caused by the changing flux linkage within [Bray and 
Stanley, 1997].  The magnitude of the inductive reactance, XL, is given 
as: 

XL = ωL = 2π f L     [4] 

where f is the frequency, which would be zero in a direct current.  The 
phase of the current through the coil is common to both components, so 
that if the phase is drawn electrically as shown in Figure 5 then the 
voltage across the resistive and inductive parts are IR and IωL as shown 
in Figure 6 [Bray and Stanley, 1997].  Figure 6 shows the right triangle 
created by the resistive and inductive parts so that the total circuit 
voltage, V, becomes:  

V = I ((ωL)2 + R2)1/2     [5] 

Then using Ohm’s law, where V = IZ, the total impedance exhibited in the 
coil is given as: 

Z = ((ωL)2 + R2)1/2     [6] 

 

 

Figure 5:  Generalized coil [Bray and Stanley, 1997]. 

 



 

Figure 6:  Vector relations between resistance and inductive parts for a 
coil [Bray and Stanley, 1997]. 

 
The total impedance of the coil will also have an often-negligible term 
called the capacitance [Bray and Stanley, 1997].  The capacitance 
reactance of the coil, Xc is given by: 

Xc = 1/(ωC) = 1/(2πfC)     [7] 

where C is the capacitance in farads.  Capacitance reactance may play a 
role during the use of coil probes attached to the eddy current 
instrument by very long wires [Bray and Stanley, 1997].  When a circuit 
contains both inductance and reactance, the total impedance of the coil 
becomes: 

Z = ((ωL-1/ωC)2 + R2)1/2     [8] 

and the phase angle, φ, between the current in and voltage across the 
circuit is given by: 

tan φ = (ωL – 1/ωC)/R     [9] 

It can be seen that the possibility arises that, if ωL = 1/ωC, and C and L 
are equal to zero then the impedance becomes only a function of the 
resistance, and the phase angle becomes zero degrees [Bray and Stanley, 



1997].  This condition is known as resonance, and many circuits are 
designed to operate at or near such a condition.   

The eddy current density, and thus the strength of the response from 
a flaw, is greatest on the surface of the metal being tested and the 
strength declines with depth [Bray and Stanley, 1997]. It is 
mathematically possible to define the "standard depth of penetration" 
where the eddy current is 1/e (37 percent) of its surface value. The 
following expression gives the relationship of the standard depth of 
induced current to the applied frequency [Bray and Stanley, 1997]. 

( )rf µ
!"

#
= 50      [10] 

where r is resistivity in mW.cm and f is frequency in Hz. With charging 
frequency the hydrogen profile relative to the pipe surface can be 
assessed. Figure 7 illustrates the eddy current density as a function of 
depth.  The skin depth relationship given in Equation 3.33 refers only to 
plane electromagnetic waves.  In common eddy current testing 
situations, small coils or encircling tubes are utilized making Equation 
10 invalid, but it does however provide a reasonable estimate of the skin 
depth [Bray and Stanley, 1997].  The skin depth relation is a solution to 
the Maxwell’s equations, which should be determined for each particular 
inspection problem [Bray and Stanley, 1997]. 

 

Figure 7: Schematic illustration of eddy current density declines with 
depth [Bray and Stanley, 1997]. 

 Figure 8 shows the standard depth of penetration as a function of 
frequency for several different materials.  Both permeability and 
conductivity play an important role in lowering the depth of penetration 



[Bray and Stanley, 1997].  The resistivity is also temperature dependent, 
which also changes the depth of penetration.       

Through thickness hydrogen measurements in the coated pipeline will 
require a large coil at a very low frequency (below 10 kHz).  An eddy 
current unit is being specially designed to achieve these necessary low 
frequencies.  This non-contact probe approach has high potential to 
determine the diffusible hydrogen content in a very convenient way. 

Variables do exist in induced current resistivity measurements 
because resistivity is a function of the conductivity of the material, the 
depth of the measurement, and the alloy content.  The conductivity is a 
function of the electronic effective mass, the electron concentration, and 
the dominating scattering mechanisms, which is altered by inclusions, 
microstructure, temperature, strain, and etc.  
 

 

Figure 8:  Standard depth of eddy current penetration versus frequency 
[Bray and Stanley, 1997]. 

 

New and Current Achievements in Induced Current Resistivity 
Measurements 

Eddy current analyses have been taken beyond crack and defect 
detection to further monitor material properties before significant defects 
arise.  Unfortunately, the development of eddy current analyses for 



characterization of material properties has started out fairly slowly, but 
the extreme benefits in utilizing non-contact, non-destructive tools 
characterization of material properties is beginning to make an impact.  
The next section describes a new development of using eddy current 
analysis for carbon content detection.    

 

Eddy Current Analysis for Carbon Content Measurements 

Klumper-Westkamp et al. [2003] have utilized eddy current with 
harmonic analyses for non-destructive determination of carbon content 
in thin foils for quality assurance of gas carburizing process. 
Experiments were performed utilizing a set of 71 foils carburized with 
different carbon potentials and then analyzed for glow discharge 
emission spectroscopy element profiling and newly developed distortion 
free harmonic analysis.  The system is calibrated utilizing multi-
regression analysis.  The input parameters are the amplitude and the 
phase of the first to the fifth harmonic of different frequencies, so that 36 
measurements are available.  By the connection of several 
measurements, the precision of the calibration is enhanced up to a 
correlation coefficient of 97.5 percent with a standard deviation of 0.06 
weight percent carbon.  The results are shown in Figure 9 for carbon 
concentration utilizing eddy current harmonic analysis as a function of 
carbon content from glow discharge emission spectroscopy.  With more 
precise foil extraction the standard deviation would be even better.   
 

 
 

Figure 9: Calibration result for a 5-dimensional regression [Klumper-
Westkamp et al., 2003]. 



4. Experimental Plan 
Development of a non-destructive tool to measure diffusible hydrogen 

in coated linepipe steel involves extensive calibration of the 
electromagnetic technique.  The specimen preparation and calibration 
techniques are discussed in the below.  X80 linepipe steel has been 
chosen as the candidate material to determine whether the 
electromagnetic tools can be utilized as a hydrogen sensor.   

4.1. Specimen Preparation for Hydrogen Measurements 
It is extremely important to note that all of the X80 linepipe steel 

specimens are machined from the same piece of linepipe steel and 
prepared identically to eliminate the introduction of any extra variables 
besides hydrogen content.  In preparation for electromagnetic analyses, 
three large cylindrical specimens (5 mm diameter) and five small 
cylindrical specimens (3 mm diameter) as shown in Figure 10 are 
simultaneously hydrogen charged in a reactor at 400˚C as a function of 
various times and pressures (100-1000 psig).  

 

 

Figure 10:  Photograph of uncoated X80 steel cylindrical specimens (large 
cylinder: 5 mm diameter and small cylinder:  3 mm diameter). 

 
The large cylindrical specimen on the left (Figure 10) is used for 

electromagnetic analyses and the smaller cylindrical specimen on the 
right (Figure 10) is used for the determination of the total hydrogen 
content utilizing the Leco Hydrogen Determinator as shown in Figure 11.  
In the Leco Hydrogen Determinator, the sample is weighed and heated to 
about 300oC. The detector detects the hydrogen gas from the sample and 
plots it as a function of time. The amount of hydrogen is calculated from 
the area below the curve and reported in units of part per million 
compared with the weight of sample. 

There are three large cylinders and five small cylinders hydrogen 
charged together in the same reactor, such that the large specimens are 



used for repeatability of measurements and the five small cylinders are 
used to monitor hydrogen concentration changes over time.   

 

  
 
Figure 11:  Leco Hydrogen Determinator (www.leco.com). 
 

The hydrogen charging system used in this investigation is shown in 
Figure 12 and 13. Both powder and bulk specimens can be hydrogen 
charged in this unit.  Ultra high purity helium is used to clean the 
system before hydrogen charging of specimens. The system is evacuated 
until the pressure drops to 10-6 psi before hydrogen gas was input in the 
system. The hydrogen content in the metal is varied by the way of 
desorption and the Sieverts’ law is applied to calculate the remaining 
hydrogen content. The equilibrium pressure of hydrogen gas is measured 
when the pressure remains constant at any hydrogen content during 
desorption for at least one minute [Termsuksawad et al., 2005].  After 
charging LaNi5 specimen with various levels of hydrogen as a function of 
time the specimens are quenched in cold-water to maintain the hydrogen 
in the specimens.  If the specimen was allowed to cool in air, the 
hydrogen would diffuse back out of the specimen.  



 

Figure 12:  Hydrogen Charging System – A High pressure and high 
temperature hydrogen charging system. 

  

 

Figure 13:  High pressure and temperature hydrogen charging 
system. 

 
After hydrogen charging the specimens at 400˚C, the specimens must 

undergo an intermediate quench (dry ice and acetone) to maintain the 



charged hydrogen content. If the sample was allowed to slowly cool to 
room temperature, most of the charged hydrogen will diffuse out of the 
specimen.  After the intermediate quench, the specimens immediately 
undergo a hot tinning process.  The hot tinning process is necessary to 
hinder the hydrogen from diffusing out of the steel specimens, so that 
when induced current impedance measurements were performed the 
hydrogen concentration was homogenous across the specimen. Note:  
Experiments were performed on numerous coatings to determine the 
best hydrogen barrier.  A schematic diagram of the hot tinning process is 
shown in Figure 14.  Each cylindrical specimen is individually removed 
from the intermediate quench and dipped into water to bring the 
specimen to room temperature, then submerged into the flux (which 
allows the tin to adhere to the steel) and finally the specimen is dipped 
into the first tin bath for ten seconds. It is next allowed to cool for 
approximately twenty seconds and then dipped into the secondary tin 
bath (which has mineral oil on the surface to allow for a nice finish). 
Normally, after the specimen has been dipped into the second batch of 
molten tin, there would be one more step to the process, which is an oil 
quench.  When the specimens were oil quenched, the surface of the 
coating developed numerous distortions and defects.  To minimize 
distortions in the coatings, the oil quench process was omitted and 
replaced with air-drying.  A photograph of hydrogen-charged tin-coated 
specimens is shown in Figure 15. After the cylindrical specimens are tin-
coated, the small cylinders are used for Leco Hydrogen Determinator 
Analysis (to track the estimated hydrogen in the large cylinders) and the 
large cylinders are used for electromagnetic analysis. 

Experiments were also performed on uncoated hydrogen charged 
specimens to monitor the change in hydrogen as a function of time.  
Both impedance and thermoelectric power measurements are used for 
this study because contact can be made with the specimen surface.   
 

 

Figure 14:  Schematic diagram for hot tinning of X80 steel specimens 
after hydrogen charging. 



 

Figure 15:  Photograph of tin-coated hydrogen charged X80 steel 
cylindrical specimens.  The specimens are coated utilizing the hot tinning 
process shown in Figure 14.  

 

4.2. Electromagnetic Probe Development for a Hydrogen 
Sensor 

For generation and detection of eddy currents requires an oscillator, 
which is a means of generating a changing magnetic field close to the 
part, normally in the form of a coil, and a means of measuring the 
voltage in a detector.  A Hewlett Packard 4275A Multi-Frequency LCR 
Meter (Figure 16) has the capabilities of inducing both the magnetic field 
and detection of voltage so that it can properly be utilized for electrical 
impedance measurements on hydrogen charged X80 linepipe steel 
specimens.  Oscillation of the field is generally sinusoidal, with varying 
frequencies dependent upon the application and depth of measurement.  
For bulk hydrogen content measurements, low frequency measurements 
are necessary.  Voltage measurements consist of amplitude and phase 
difference measurements from the exciter coil current.  The eddy current 
coil sensors must be configured for the particular application.   

The first step to attaining a good electromagnetic measurement is 
designing the proper probes to make such an analysis and the 
elimination of unnecessarily long wires (to reduce noise).  For the first 
electrical impedance measurements, a simple cell was designed (at NIST) 
so that the tin-coated hydrogen-charged cylinder is sandwiched between 
two probes, each having an electrically-insulated alligator clip, as shown 
in Figure 17.  One alligator clip is used to induce the current and the 
alligator clip at the opposite end measures the change in the induced 
current after it traverses across the specimen.  This arrangement shown 
in Figure 16 is only used for initial experiments while the investigators 
are still determining the capabilities of the equipment.  A copper coil 
probe (solenoid) has been designed such that there is a coil encircling the 
sample with a specific number of turns at specific lift-off as shown in 



Figure 18.  Rubber grommets are utilized to ensure a constant lift-off 
between the specimen and the coil.  

 

 
 

Figure 16:  Hewlett Packard 4275A Multi-Frequency LCR Meter utilized 
for electrical impedance measurements on hydrogen charged X80 
linepipe steel specimens. 

 
The magnetic field of a long solenoid, consisting of n closely wound 

turns per unit length on a cylinder of radius R and carrying a steady 
current I.  If the turns per unit length are wound very closely, then it can 
be assumed that each turn is circular [Griffiths, 1999].  Ampere’s law 
can be applied to calculate the magnetic field.  The magnetic field inside 
the solenoid is calculated by: 
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The magnetic field within the solenoid is uniform.  Ampere’s law is 
always true for steady currents, however it is not always the most useful 
equation.  When Ampere’s law does not work, it is necessary to fall back 
on the Biot-Savart law [Griffiths, 1999]. 

Utilizing the depth of penetration information from Figure 8, it is 
important to calculate the depth of the measurement in the cylindrical 



X80 linepipe steel specimens.  The depth of penetration in the cylindrical 
X80 linepipe steel specimen is on the order of 5 mm.  A depth of 
penetration of 5 mm is quite good for hydrogen measurements because 
the measurement is not a skin affect and would be able to penetrate 
beneath a coating.  To increase the depth of penetration, the number of 
windings in the copper coil can be increased.      
 

 

Figure 17:  Schematic diagram illustrating an arrangement for inducing 
and measuring current.  The alligator clips are connected to the 
insulation and make no electrical contact to the cylinder. 

 

Figure 18:  Photograph of the encircling coil utilized for impedance 
measurements.  Rubber grommets are utilized to guarantee constant lift-
off between the specimen and the copper coil. 

After determining the effect of hydrogen on impedance, the coil 
sensitivity will be investigated and the induced magnetic field varied.  
Coils were designed with variable number of turns, two different wire 
gauges, and different configurations.  To test the capability of each coil, a 
single hydrogen-charged cylindrical X80 linepipe steel specimen was 
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 Change in Induced Current 
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prepared and used for testing each coil.  The different coils utilized in 
this experiment are shown in Figure 19. For each coil, measurements of 
impedance, resistance, and inductance were conducted.  The inductance 
was measured for each coil because the inductance is purely a 
geometrical quantity dealing with sizes, shapes, and positioning of coils.  
When the current changes, the electromotive force induced into the coil 
also changes.  Coils G-1 through G-5 are encircling coils and coils G-6 
and G-7 perform measurements near the surface.  G-6 and G-7 coils 
were used in the flat (or pancake) position and spread-out as shown.  A 
square Litz wire was also investigated.  

Litz wire is designed to minimize the power losses exhibited in solid 
conductors due to "skin effect". Skin Effect is the tendency of radio 
frequency current to be concentrated at the surface of the conductor. Litz 
constructions counteract this effect by increasing the amount of surface 
area without significantly increasing the size of the conductor. Generally 
speaking, constructions composed of many strands of finer wires are 
best for the higher frequency applications, therefore Litz construction is 
not optimal for the low frequency application necessary for bulk 
hydrogen measurements. 

Another coil study was also performed using both a pancake and 
encircling coil on X80 cylindrical specimens that have undergone heat 
treatment.  Heat-treated specimens were chosen because the coils need 
to be very sensitive to measure changes in microstructure because the 
impedance values will be performed where the hydrogen content is 
approximately zero.  The impedance values are very low when the 
hydrogen content is low, so it will be interesting to see if either or both of 
the probes will see a change in microstructure. 
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Figure 19:  Variable copper coil arrangements for impedance analysis.   
 

4.3. Electromagnetic Sensor Development for Temperature 
and Microstructure Corrections 

In the beginning of the project it seemed that it would be necessary to 
utilize multiple techniques to eliminate variables associated with the 
pipeline, however it was found that induced current impedance 
measurements may be able to perform the same measurements.  The use 
of a single tool to measure hydrogen content while accounting for all 
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variables will make this technique more cost and time efficient.  Also, the 
magnetic remanence present in the pipeline leftover from pigging 
operations would interfere with magnetic Barkhausen noise 
measurements for microstructure characterization, thus increasing the 
importance of the development of a tool successful for full material 
characterization.     

4.3.1. Specimen Preparation for Temperature 
Measurements 

To correct for variations in temperature in pipelines, induced current 
impedance analysis was investigated to determine the effect of 
temperature on impedance.  X80 steel linepipe specimens used in the 
hydrogen investigation above were utilized again.  The specimens were 
not hydrogen charged for this investigation.  X80 linepipe steel 
cylindrical specimens were held at various temperatures and allowed to 
cool/heat as a function of time while measuring the change in 
impedance.  Also the impedance as a function of time was measured at 
different temperatures to determine the sensitivity of impedance to 
temperature.        
 

4.3.2. Specimen Preparation for Microstructure 
Measurements 

To correct for variations in microstructure in pipelines (X65 versus 
X80, X100, etc.) impedance analysis was also utilized.  To determine the 
sensitivity of impedance for microstructure various linepipe steel 
specimens were collected and compared.  Unfortunately at this time, only 
two different linepipe steels were received which were X80 and X100.  So, 
to verify the sensitivity of impedance to microstructure, specimens were 
prepared from the X80 linepipe steel by heat-treating the specimens at 
different temperatures at quenching them by water quenching, oil 
quenching, or air-cooling.  One set of specimens experienced a heat 
treatment of 400˚C and the other set at 900˚C.  Each of these annealing 
and cooling techniques promotes variable microstructures to allow for a 
microstructure impedance investigation.   

A set of eight different specimens machined from the same piece of 
linepipe steel were also investigated with impedance measurements to 
determine whether or not there was any variance between the initial 
(standard) specimens cut from the X80 linepipe steel.  This experiment 
guarantees the accuracy in the results because these specimens act as 
standards and should be fully characterized.   
 



4.4. Low Frequency Impedance Through a Coating 

Techniques to eliminate variables in hydrogen content measurements 
have been discussed, so that the only factor remaining is performing low 
frequency impedance measurements through a coating.  For this 
experiment an epoxy coating is utilized as seen in Figure 20.  The 
specimen was put into a Petri dish and the dish was then filled with 
epoxy and allowed to dry completely.  It is important to make sure that 
the epoxy was filled to the top of the dish and made as uniform as 
possible.  A second sample is put into another Petri dish without a 
coating.  The Petri dish is important because it will provide a means of 
measuring a constant lift-off between a specimen with a coating and 
without a coating.  Otherwise, the lift-off due to the coating compared to 
an uncoated specimen would not allow measurements to be correlated to 
one another.      

 
Figure 20:  X80 cylindrical specimen in Petri dish surrounded by an 
epoxy coating.   

  

5. Experimental Results 
Electromagnetic analyses have been developed for determination of 

hydrogen content in coated X80 linepipe steel specimens.  The 
electromagnetic analyses allows for a non-destructive, non-contact 
means for hydrogen content determination.  The experimental results in 
the development of a hydrogen sensor are given below.     
 

5.1. Electromagnetic Hydrogen Sensor 
A frequency sweep was performed on cylindrical steel specimens that 

were hydrogen charged to different levels of hydrogen by varying the 
charging time and pressure held at a temperature of 400˚C (hydrogen 
content being the sole variable) to determine if there were any 
measurable changes in impedance as a function of the hydrogen content.  



The cylindrical X80 steel linepipe specimens, which underwent the 
electromagnetic analyses, had total hydrogen contents ranging from 0.78 
to 23.1 ppm of hydrogen determined by the Leco Hydrogen Determinator.   

The initial results for the change in impedance due to changes in 
hydrogen content as a function of frequency is given in Figure 21.  The 
impedance is then plotted as a function of hydrogen content at 
approximately 100 Hz (depth of 5 mm) as shown in Figure 22.   The 
results are most important at lower frequencies (Log Frequency = 2 Hz) to 
guarantee a maximum penetration depth of 5 mm beneath the surface.  
At frequencies beyond 100 Hz (> Log Frequency = 2 Hz) only skin effects 
(the specimens are coated with tin barrier) are being monitored, which 
cannot be attributed to variations in hydrogen content but variations in 
the coating, etc. 

 

 
Figure 21:  Frequency sweep of impedance with change in hydrogen 
content in tin coated hydrogen charged X80 steel specimens.  Impedance 
measurements were performed utilizing the Hewlett Packard 4275A 
Multi-Frequency LCR Meter. 

 
 



 
Figure 22:  Impedance as a function of hydrogen content for X80 linepipe 
steel specimens at frequency of 100 Hz.   
 

 
Figure 23:  Hydrogen content as a function of time for hydrogen diffusion 
in hydrogen charged X80 steel linepipe specimens. 
 



 
Figure 24:  Change in impedance as a function of time for uncoated 
hydrogen charged X80 linepipe steel specimens.   

 
Figure 25:  Change in thermoelectric power coefficient as a function of 
time for uncoated hydrogen charged X80 linepipe steel specimens. 
 



5.2. Electromagnetic Coil Development 
Development of the electromagnetic coil is important to maximize the 

depth of impedance measurements to achieve bulk hydrogen 
measurements.  Table 1 lists the results for the various coil 
configurations.  Figure 26 (a) shows the frequency sweep impedance 
comparison for each coil utilized.  Figure 26 (b) is a closer look at the 
results from part (a) showing the variation between impedance for each 
coil at specifically 100 Hz. 

After an initial comparison of data for different coils, a pancake coil 
(wire gauge of 18 and 7 coil turns) and an encircling coil (wire gauge of 
18 and 7 coil turns) were compared on three different samples with 
different heat treatments and cooling as shown in Figures 27, 28, and 
29.         
 

Table 1:  Comparison of data for different coil configurations. 
Sample Wire 

Gauge 
Number 
of coil 
turns 

Frequency 
(Hz) 

Impedance Inductance Resistance 

G1 24 23 100 0.299 -1.94E-4 0.307 
G2 24 45 100 0.188 7.29E-5 0.475 
G3 18 29 100 0.401 1.35E-4 0.534 
G4 18 9 100 0.384 -2.57E-4 0.213 
G5 24 7 100 0.242 -1.26E-4 0.193 
G6 24 13 100 0.237 1.38E-4 0.305 
G7 18 7 100 0.319 1.66E-4 0.438 
 

 

100 Hz 



 
Figure 26:  (a) Frequency sweep for different coils configurations on X80 
linepipe steel specimens (b) Comparison of impedance for each coil at 
100 Hz.  

 
Figure 27:  Impedance as a function of frequency utilizing an encircling 
coil and a pancake coil for X80 cylindrical specimen heat-treated for 24 
hours at 400˚C and then air-cooled.   



 
 

Figure 28: Impedance as a function of frequency utilizing an encircling 
coil and a pancake coil for X80 cylindrical specimen heat-treated for 24 
hours at 400˚C and then oil quenched. 

 
Figure 29: Impedance as a function of frequency utilizing an encircling 
coil and a pancake coil for X80 cylindrical specimen heat-treated for 24 
hours at 900˚C and then water-quenched.   

 



5.3. Electromagnetic Temperature Measurements 
Results indicating change in impedance as a function of time during 

heating of X80 linepipe steel specimens at a frequency of 100 Hz is 
shown in Figure 30.  Figure 31 then shows a comparison of impedance 
for various temperatures at a frequency of 100 Hz. 
 
 
 

 
Figure 30: Impedance as a function of time measured while heating X80 
linepipe steel specimens from -40˚C to -13˚C at a frequency of 100 Hz. 
 
 
 

5.4. Electromagnetic Microstructure Measurements 
A comparison was made in the impedance for X80 and X100 linepipe 

steel specimens as shown in Figure 32.  Figure 33 shows the change in 
impedance as a function of time for various X80 specimens, which 
underwent different heat treatments and types of quenches to provide 
microstructural variations.  Using heat treatments as a variable will 
show the sensitivity in impedance measurements versus the difference in 
two different grades of steel, which should have a measurable difference. 



 
 

Figure 31:  Impedance as a function of time for X80 linepipe steel 
specimens held at various temperatures at a frequency of 100 Hz.   
 

 
Figure 32:  Comparison of impedance as a function of time for X80 and 
X100 linepipe steel specimens.   



  
Figure 33: Comparison of impedance as a function of time for heat-
treated X80 linepipe steel specimens. 
 

 
Figure 34:  Impedance as a function of frequency for four X80 cylindrical 
specimens machined from the same material with the only variable being 
machining of the samples to determine the variance between each 
sample.    



5.5. Low Frequency Impedance Measurements Through a 
Coating 

To utilize low frequency impedance measurements on a coated 
pipeline, it was necessary to determine whether impedance 
measurements changed on identical specimens with and without a 
coating.  Figure 35 is a plot of impedance as a function of frequency.  
Three different conditions are shown in this plot:  (1) impedance on a coil 
without a specimen, (2) impedance on a sample without a coating at a 
specific lift-off, and (3) impedance on a sample with a coating with a 
specific lift-off to match condition 2.   

 
 
Figure 35:  Impedance as a function of frequency for coated and 
uncoated X80 steel cylindrical specimens.   
 

6. Analysis of Results 

6.1. Electromagnetic Hydrogen Sensor 
In Figure 21, notice how the impedance as a function of frequency 

increases with increasing hydrogen content. Not only are there 
measurable changes in impedance, but the sensitivity of the impedance 
measurements is exceptional.  It cannot only measure hydrogen below 
1.0 ppm, but it can also distinguish between 0.76 and 0.90 ppm of 
hydrogen.  As the steel strength increases, the tolerance for hydrogen 



approaches these small hydrogen contents. These low levels of hydrogen 
detection are within the uncertainty of chemical methods, but appear to 
be clearly measurable with physical electromagnetic tools.  These 
preliminary results utilizing induced current impedance measurements 
demonstrates that it is feasible to develop electromagnetic (eddy current) 
measurements to assess hydrogen in line pipe steel.  The impedance 
results in Figure 22 show the increasing trend of impedance as a 
function of hydrogen content. In Figure 21, notice how the impedance as 
a function of frequency increases with increasing hydrogen content. Not 
only are there measurable changes in impedance, but the sensitivity of 
the impedance measurements is exceptional.  It cannot only measure 
hydrogen below 1.0 ppm, but it can also distinguish between 0.76 and 
0.90 ppm of hydrogen.  As the steel strength increases, the tolerance for 
hydrogen approaches these small hydrogen contents. These low levels of 
hydrogen detection are within the uncertainty of chemical methods, but 
appear to be clearly measurable with physical electromagnetic tools.  
These preliminary results utilizing induced current impedance 
measurements demonstrates that it is feasible to develop electromagnetic 
(eddy current) measurements to assess hydrogen in line pipe steel.  

The measured impedance is a function of both the resistance and 
reactance. Capacitance does not play a significant role in the impedance 
measurements because very short wires (2.5 inches) were used in the 
measurements.  To develop an understanding of how impedance 
measurements can detect changes in hydrogen content it is necessary to 
closely look at each individual term in the impedance.   

Inductive reactance makes a small contribution to the impedance at 
low frequencies used in these experiments.  A frequency of 100 Hz 
provided the maximum depth of penetration.  The contribution of 
inductive reactance increases with increasing frequencies, thus the 
inductive reactance plays a larger role (but not a very large role relative 
to the resistance) in the overall impedance at higher frequencies as 
shown in Figure 22.     

 The resistance term from Equation 8 is more closely examined. The 
resistance is given as: 
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where ρ is resistivity, l is the length of the specimen, and A is the area of 
the specimen.  For a cylinder in an induced magnetic field, the resistance 
is not only inversely proportional to the area of the specimen, but the 
frequency being a function of depth must be accounted for in the area 
term.  As discussed earlier, at low frequencies, flux is being generated in 
a greater specimen depth as opposed to higher frequencies where the 



flux is generated only at the surface of the specimen.  So accounting for 
the depth of measurement as a function of frequency, the area is 
proportional to: 
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where Ao is the real cross-sectional area of the specimen and A is the 
actual area of the specimen being induced with currents.  Then the 
resistance can be written as: 
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The net resistivity must also be considered when determining the change 
in resistance due to the addition of hydrogen atoms.  The resistivity 
change arises from independent scattering processes, which according to 
Matthieson’s rule are additive.  For dilute solutions, Matthieson’s rule is 
in excellent agreement with experiments as shown for copper in Figure 
36 [Wilkes, 1973].  Not only does Figure 36 show the effect of 
temperature on resistivity, but it also shows the effect of alloying 
elements on resistivity.    
 The net resistivity is then given as: 
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where ρlattice is scattering due to grain boundaries, defects, and other 
phenomena in the lattice, ρthermal is thermal scattering due to 
temperature, and ρhydrogen is the change in resistivity due to the addition 
of hydrogen atoms.  When a hydrogen atom in solution is entered into 
the metal, it also acts as a source of scattering, which arises from a 
departure from regularity in the ion lattice.  The scattering due to the 
hydrogen atoms is independent of thermal scattering.  In these 
experiments, the thermal resistivity can be neglected because the 
temperature is held constant.   
 Accounting for the net resistivity and the angular frequency, the 
resistance can now be re-written as: 
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When measuring the flux at full depth, the area is the cross-sectional 
area of the specimen.  When the angular frequency goes to zero (the 
point where ac goes to dc), the resistance is given as: 

 

! 

R =
"
l
+ "

t
+ "

H
H[ ]( )l

A
o

     [17] 

Notice this relationship between resistivity and hydrogen as shown in 
Figure 36 by recognizing the systematic increase of the intercept of the 
various copper content lines.  With all things being held constant within 
the specimens as shown in Figure 37, the variations in hydrogen content 
are monitored due to the change in scattering or resistivity due to the 
departure from regularity in the crystal lattice.     
 When considering the effects of the net resistivity due to the lattice 
(defects, grain boundaries, etc.), temperature, and hydrogen, notice in 
Figure 37 how the resistivity due to hydrogen content is a function of the 
slope of the line and therefore the resistivity due to temperature and 
lattice variables may be accounted for in the y-intercept.  Using this 
information, it may be possible to calibrate specimens with temperature 
and lattice as variables utilizing the same induced current impedance 
measurements as used for hydrogen content determination.  This finding 
is important because it would be more efficient to be able to eliminate the 
variables in the pipelines by utilizing one single technique.  To calibrate 
induced current impedance measurements for temperature and lattice 
variations, cylindrical specimens would be made and impedance 
measurements would be performed at various temperatures and on 
numerous microstructures (various X80 microstructures).     
 

 
 
Figure 36.  Temperature variation of resistivity for copper and copper 
alloys [Linde, 1932], [Wilkes, 1973]. 



   

 

Figure 37.  Induced current measurements as a function of hydrogen 
content at a frequency of 100 Hz showing where the resistivity of 
hydrogen is the slope of the line and the y-intercept is the resistivity of 
temperature and lattice. 

 
The results shown in Figure 23, 24, and 25 also show that both 
thermoelectric power and impedance measurements are very sensitive to 
changes in hydrogen content as a function of time.  These results are 
very important because both measurements (thermoelectric power and 
impedance) can be utilized to monitor changes in hydrogen content as a 
function of time in pipelines.  The thermoelectric power technique could 
be installed into a new pipeline being developed or impedance 
measurements can be utilized on existing pipelines where measurements 
must be made through coatings.   
 
 

6.2. Electromagnetic Coil Development 
The development of the electromagnetic coil has proven to be an 

extremely important task.  The change in coil design affects the overall 
impedance and resistance.  The maximum inductance was achieved in 
specimen G7, a pancake type coil with the gauge size of 18 and only 7 
turns.  This pancake coil is preferred because it is not an encircling coil, 



making measurements easier by allowing the user to be able to approach 
a coated pipeline and perform measurements.  

The experiments performed with different electromagnetic coils also 
indicated the variance in impedance, which is important for calibration 
and standardization.  The coil utilized in field use will have to be the 
same coil utilized when making standards.  In other words, each coil will 
have to have its own set of calibration curves and standards.   

Lift-off is another important factor.  The variation in coating thickness 
must be accounted for to achieve an accurate hydrogen measurement.  
The same impedance analyzer can be utilized to determine the thickness 
of the coating.  It is necessary to properly adjust to achieve the lift-off for 
which a set of standards is calibrated.  Another way to eliminate lift-off 
effects would be to make calibrations at various lift-offs, but the coating 
thickness would still need to be accurately determined. 

The impedance results in Figure 27, 28, and 29 utilizing a pancake 
coil and encircling are important in that they show that both coils can be 
utilized to measure very small changes in microstructure, and thus 
impedance.  The results also show that the pancake coil may be a bit 
more sensitive to the microstructure changes, which agrees with the 
previous coil results in Figure 26.     

 

6.3. Electromagnetic Temperature Sensor 
Low frequency impedance analysis was used to determine the 

sensitivity of impedance to temperature variations.  It was already known 
that resistance and thus impedance is sensitive to temperature as shown 
in Figure 36 by other researchers, however it was necessary to determine 
how sensitive impedance is to temperature.  Figure 30 has a temperature 
range of -40 to -13 ˚C with measured impedance spanning from 1.53 to 
1.63 Ohms.  This data shows the level of sensitivity of impedance to 
temperature, which is very good.  The impedance variation with 
temperature has a large enough difference that calibration of impedance 
with temperature is and will be very successful.  Results in Figure 31 
measured the change in a specific temperature range as a function of 
time.  It also shows the sensitivity of temperature measurements utilizing 
low frequency impedance measurements.       
 

6.4. Electromagnetic Microstructure Sensor 
Low frequency impedance measurements were performed to 

determine the sensitivity of impedance to variable microstructures.  Only 
two different types of pipeline steels were obtained at this time, however 
the results shown in Figure 32 for X80 and X100 show that there is a 
significant difference in impedance between the two pipe steels.  To 
create variables in microstructure five different X80 specimens 



underwent annealing and quenching.  Figure 33 shows that impedance 
is also sensitive to these small changes in microstructure as would be 
expected because impedance measures any changes in grain size (due to 
flow of current).   

To guarantee that the differences seen between the variable 
microstructures was an effect due to the annealing process, five different 
specimens with the only variable being machining and location of 
machining was analyzed as shown in Figure 34.  These results are very 
important to show the scatter between each individual specimen.  This 
experiment should be performed before each and every test especially 
when performing calibrations and standards.  The data in Figure 34 
showed that the standard deviation between samples is approximately 
0.8%, which is acceptable considering the measured changes in 
impedance in all of the testing.  These results also mean that the 
variation between measurements for example with variable 
microstructure is due to microstructure and not unforeseen pres-existing 
variables within the specimens.    

    

6.5. Low Frequency Impedance Measurements Through a 
Coating 

The low frequency impedance measurements performed on coated 
X80 cylindrical specimens is the final necessary link in utilizing 
impedance measurements for hydrogen sensing in pipelines.  The results 
in Figure 35 compared the impedance as a function of frequency for a 
coated (epoxy) and uncoated specimen.  The impedance as a frequency of 
frequency at 100 Hz are extremely similar.  The standard deviation 
between the impedance of the two specimens is approximately .06%, 
which indicates that low frequency impedance measurements can 
successfully perform measurements through a coating.  Also notice the 
values of the impedance for the coils in Figure 35.  The values are over 
an order magnitude lower than the impedance as a function of hydrogen 
measurements, which means that the variation in impedance due to the 
coating is insignificant to the change in impedance with hydrogen.   
 

7. Portable Electromagnetic Probe Development 
Impedance results due hydrogen, temperature, and microstructure 

have proven successful.   The next step in having an impedance analysis 
for in-field use requires the use of equipment that is portable and robust.  
Figure 38 shows an LCR precision meter from Agilent technologies with a 
frequency ranging from 10 Hz up to 1 MHz.  The frequency range is very 
important because to guarantee depth of measurement, the lower 
frequency is better especially when conducting experiments through 
coatings.  This LCR meter can be set-up with a laptop containing all of 



the calibration curves and then it can be utilized in the field. The largest 
difference between this LCR Precision meter in Figure 38 and the Hewlett 
Packard 4275A Multi-Frequency LCR Meter utilized in the experiments 
for this research is that the Hewlett Packard unit has the capability of 
performing frequency sweeps unlike the Agilent unit.  The  
Agilent unit on the other hand operates at lower frequencies allowing for 
measurements to be performed with more stand-off distance and larger 
pipelines. 

 

 
Figure 38:  Agilent technologies E4980 LCR Precision meter.  
 

8. Application of In-field Impedance Analyzer 
The results presented in Sections 5 and 6 demonstrate the success of 

low frequency impedance analysis for use as a hydrogen sensor for 
coated pipelines, however the details on how this equipment will work in 
the field has not been described.  Figure 37 indicates that the impedance 
analysis can be utilized to measure additional variables.  The additional 
variables make up the y-intercept of the data and the changes in 
hydrogen content are a function of the slope of the curve in Figure 37.  
To actually separate out the variables is difficult because impedance 
analysis would give one impedance value, which includes all of the 
variables such as:  hydrogen, temperature, and microstructure.   

Before low frequency measurements are performed to determine 
hydrogen content in coated pipelines, calibration curves and standards 
must be developed which include measurements being performed on 
many microstructures at various temperatures and hydrogen contents.  
Figure 39 is a schematic illustration of a calibration map for five different 
samples labeled A, B, C, D, and E, each having a specific microstructure, 
temperature, and hydrogen content.  To utilize low frequency impedance 
measurements in the field requires at least five impedance 
measurements to be performed within a certain distance of one another 
e.g. 24 inches of pipe being exposed or through a coating.  Each of these 



five impedance measurements made on the pipeline are important 
because the microstructure and the temperature are going to be the 
same at each of these points of measurement, so that the only variable 
would be changing hydrogen content.  Having a specific microstructure 
and temperature in the pipeline will set the y-intercept of the plot shown 
in Figure 39 then the variation in hydrogen content will fall on the same 
line having the same slope.  For example, five measurements can be 
made and these five measurements will create line such as Line A on 
Figure 39.  All prior measurements will lie on this line, so each 
impedance value will correspond to the hydrogen content value for Line 
A. 

   

 
 

Figure 39:  Schematic plot of impedance as a function of hydrogen 
content illustrating a calibration map for various materials A, B, C, D, 
and E.  The y-intercept accounts for variables and the slope of each line 
changes with variable hydrogen contents.     
 

9. Conclusions 
The results for electromagnetic analysis of coated X80 steel linepipe 

cylindrical specimens show that there is another non-destructive 
technique available for hydrogen content assessment.  This 
electromagnetic technique is especially unique due to its ability to be a 
non-contact hydrogen sensor.  The results also indicate that the same 



induced current impedance measurements can also be utilized to 
account for all additional variables in the pipeline.        

 

10. Future Work and Recommendation 
This work has shown that hydrogen contents can be measured under 
very specific conditions including type of steel, temperature, and 
microstructure.  The next step in this work is to begin creating 
calibration curves for various linepipe steels.  After calibration curves 
have been made for linepipe steels, then low frequency impedance 
experiments will be performed for hydrogen content measurements in 
steel weldments.  
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